INTRODUCTION
Endwall flow fields continue to be the focus of many research efforts because of their impact on compressor stability and per-
formance.
For example, Wider (1985) reports that an increase in tip clearance from 1.4% to 2.8% of blade height in a low speed multistage compressor resulted in a 1.5 point efficiency penalty, an 11% reduction in flow range, and a 10% reduction in peak pressure rise. The accumulation of low momentum fluid near the blade tip and the vortical structure of the flow downstream of low speed compressors has been documented by Inone et al. (1986) , Inoue and Kuroumari, (1989) , McDougall (1990) , Stauter (1992) , and others. Inoue and Kuroumari (1989) have also provided data concerning the endwall flow field within the compressor blade passage in a low speed compressor. Although these investigations have shed light on the endwall flow in low speed machines, there is much less information concerning the endwall flow fields within the blade passage in high speed compressors. Measurements reported have been primarily limited to high-response static pressure data over the rotor tip, for example those of Copenhaver et sl. (1992) .
Our understanding of the endwall flow has been enhanced by models of the tip clearance flow developed from detailed measurements in the endwall region of low speed compressors.
For example, Storer and Cumpsty (1993) have shown that the losses due to the tip leakage flow are primarily associated with the mixing process that takes place between the leakage flow and the throughflow, and that these losses can be predicted from the angle formed between the clearance flow and the throughflow. In the endwall flow is further complicated by the interaction between the rotor passage shock and the tip leakage flow. Adamczyk et al. (1993) and Copenhaver et al. (1992) have used 3D Navier-Stokes solvers to study this shock / vortex interaction. Adamczyk studied the effect of variations in tip clearance on the performance of a transonic rotor, and showed that the shock / vortex interaction plays a major role in determining the compressor flow range. Although such efforts have improved our understanding of the endwall flow over the last 5-10 years, we continue to have difficulty in accurately predicting the blockage in the endwall region, especially in multistage compressors. It is clear that there is a need for detailed experimental data within high speed compressors to assess numerical simulations and models, and to enhance our understanding of the shock / vortex interaction and its affect on blockage.
The objectives of this investigation are 1) to study the shock I vortex interaction in a high speed compressor and its impact on the endwall blockage, and 2) to study the development of the tip leakage vortex within and downstream of the compressor rotor with and without the presence of a rotor passage shock. In order to achieve these objectives, the present effort couples experimental measurements with 3D Navier-Stokes numerical simulations of the endwall flow within a highly loaded transonic axial compressor rotor. Measurements and numerical simulations are presented for both transonic and subsonic operating conditions. The numerical simulations are presented to illustrate the interaction between the tip leakage flow and the rotor passage shock and the generation of blockage which results from this interaction. Laser anemometer measmenrents acquired at design speed for operating conditions near peak efficiency and near stall are presented to show the effect of varying the rotor backpressure on the shock / vortex interaction and endwall blockage. Additional measurements acquired within and downstream of the blade row are presented to illustrate the mixing of the leakage vortex with the primary flow. The rotor tip clearance was measured using both a Rotodata touch probe and rub probes. The uncertainty in the touch probe and rub probe clearance measurements is estimated to be 0.05 mm (0.002 in.). Touch probe measurements were obtained at 10, 50, and 90% of rotor chord at one circumferential location on the compressor casing and indicated a design speed tip clearance of 0.330 mm with a variance of 0.005 mm. The rub probes were located in fluee different regions around the circumference and indicated an average tip clearance of 0.320 mm with a variance of 0.120 mm. Both the touch probe and the rub probes measure the longest blade and therefore yield a conservative measure of the tip clearance. An inspection of the rotor wheel assembly at the conclusion of testing revealed that the variance in tip radius was :k0.075 mm. Therefore, 0.075 mm was added to the average clearance probe measurement of 0.325 mm to arrive at an estimated clearance of 0.400 mm (0.016 in.) which corresponds to 0.5% of blade span and 0.7% of rotor tip chord.
TEST FACILITY

LASER ANEMOMETER SYSTEM
Detailed flow field measurements are acquired with a two color fringe-type laser anemometer system. The two anemometer channels are configured to simultaneously acquire the tangential and axial velocity components. One of the laser beams in each of the two channels is frequency shifted to enable detection of flow reversals.
The effective length of the measurement volume is reducod by using a short focal length f2 focussing lens and by using optical masks in the collection optics. The measurement volume is 60 _tm in diameter and has an effective length of 0.5 mm, which corresponds to less than 1% of the blade span. The uncertainties in the laser anemometer velocity and flow angle measurements are estimated as 1% and 0.5 degrees, respectively.
Polystyrene latex spheres are injected into the facility ducting far upstream of the compressor rotor and serve as the seed material for the laser anemometer system. The seed particles are manufactured at NASA-Lewis using the procedure developed by Nichols (1987). Scanning electron microscope inspections of the seed particles within a given batch indicate that they are spherical in shape and uniform in size. However, the mean particle diameter varies from batch-to-batch over a range of 0.7-0.9/zm. 
Laser
COMPUTATIONAL PROCEDURE
The analysis code used in the present study solves the Reynolds-Averaged form of the Navier-Stokes equations. Details of the code can be found in Adamczyk et al. (1989) .
The flow in the clearance gap was simulated using a model suggested by Kirtley et al. (1990) , which treats the clearance flow as an orifice flow with no loss in mass, momentum, or energy. The effect of the vena contraeta which occurs in orifice flows is accounted for by using a discharge coefficient, which makes the effective tip clearance gap smaller than the actual clearance. A discharge coefficient of 0.5 is used for all results presented herein.
The grid used in the simulations had 51 cells in the radial direction, 41 cells in the circumferential direction, and 132 cells were placed between the inlet and exit boundaries, of which 41 were along the blade chord line. The clearance gap was spanned by two cells in the radial direction.
The grid in the clearance gap region above the rotor tip is constructed by simply extending the grid below the tip to the shroud while maintaining the tangential distance across the blade passage fixed to its value at the rotor tip. The number of grid points spanning the gap in the radial direction would be too few if one were interested in resolving the details of the flow entering and exiting the gap, as done by Crook (1989) .
In the present study however, we are interested mainly in the clearance flow interaction with the primary throughflow in the blade passage.
Several studies have shown that reasonable estimates of this interaction can be obtained without a detailed description of the flow exiting the gap if one has a good estimate of the gap mass flow. This can be accomplished in a numerical simulation with as few as one grid cell spanning the radial direction if one accounts for the blockage introduced by the vena contracta.
RESULTS
& DISCUSSION
Design Speed Computational Results
Computational results genera_l for operating conditions near peak efficiency and near stall ate presented first in order to identify key features associated with the tip clearance flow and to aid in the interpretation of experimental results. Flow field predictions were generated for a clearance of 0.356 mm (0.014 in.) as well as a larger clearance of 0.584 mm (0.023 in.) or 0.6% and 1.0% of rotor tip chord, respectively. The results indicated that there were no significant qualitative differences in the vortex trajectory or relative Math number distribution between the predicted endwall flow fields for these two levels of clearance.
All numerical results
presented below are therefore based on a tip clearance of 0.356 mm (0.014 in. Predicted relative Mach number contours are shown in Figure   2a . The Mach number contours are drawn in increments of 0.1 and the same color bar is used for both peak efficiency and near stall. At near peak efficiency the passage shock is oblique and is attached to the leading edge, while at near-stall the shock is nearly Using the relative dynamic head contour of 0.5 to identify the blockage region, we see that the blockage region is larger and is located further upstream for the near stall compared to the near peak efficiency operating condition. Also, note that the leakage vortex penetrates closer to the blade pressure surface at near peak efficiency than at near stall condition. Upstream of the shock the vortex trajectory is nearly identical for the two operating conditions. As the vortex crosses the shock it is diffused by the pressure gradient and is more readily turned by the throughflow.
Since the pressure gradient across the shock is greater at the near stall than at the near peak efficiency operating condition, the vortex experiences a greater diffusion and is turned more by the throughflow at the near stall as compared to the near peak efficiency operating condition.
In summary, the computational results indicate that the clear- 
Design Speed Experimental Results
Due to reflections from the window surface and blade tips, 95% span is the closest approach to the shroud at which laser anemometer measurements were successfully acquired within the rotor. In the previous section the computational results were pre- Therefore, the conclusions drawn from the computations at 98%
span are used to interpret the data at 95% span.
Clearance Vortex Path.
Relative Mach number distributions measured on the 95% span streamsurface at the near peak efficiency and near stall operating points are shown in Figure 3 , plotted to the same color scale as that used for the numerical resuits in Figure 2a . The location of cross-channel planes at 20%, 108%, and 138% chord, which will be discussed below, is also is also confirmed by the low relative Mach numbers measured in this region. The data indicates that the fluid within the clearance vortex downstream of the shock migrates toward the pressure surface more rapidly than predicted by the numerical analysis, and impacts on the blade pressure surface before reaching the blade trailing edge. The vortex fluid then appears to merge with the rotor wake fluid for both the peak efficiency and the near stall operating conditions. Using the location of lowest Mach number to indicate the 'heart' of the blockage region and the level to represent the severity, the data confirms the computational results in that the blockage becomes more severe and is located further upstream as the rotor backpressure is increased from near peak efficiency to near stall operating conditions. the most striking feature shown in Figure 4 is the Mach number difference in the region between the shock and the trailing edge, which is evidence of the blockage generated when the clearance vortex crosses the shock. (1993) performed numerical simulations similar to those used herein which indicate that at a near stall operating point, spillage of low-energy fluid in the clearance flow drives the shock further forward, altering the upstream wave pattern, reducing the mass flow rate, and increasing the blade incidence angle. This process resulted in a steady reduction in mass flow rate as the simulation time proceeded, and ultimately lead to numerical stall. While it is not clear whether spillage and high incidence cause stall, it does appear that there is a strong link between the presence of these flow features and the onset of stall. The present experimental results are therefore investigated in more detail for evidence of these flow features at the near-stall operating condition.
Clearance
Relative velocity vectors measured at 90% and 95% span for the near-stall flow point are shown in Figure 5 along with the shock front location as depicted by the relative Mach number contour level of 1.2. The vectors are presented at every 5% chord in the axial direction. For the sake of clarity, vectors are plotted for every eighth circumferential location at which data was acquired.
The length of each vector indicates the magnitude of the relative velocity normalized by the maximum velocity in each respective plot.
At 90% span, which is relatively free from tip clearance flow effects, the flow just downstream of the shock is turned toward the pressure surface, resulting in a slight increase in incidence angle at the nose of the blade. In contrast, at 95% span the interaction of the leakage vortex and the passage shock results in a large region of high relative flow angle downstream of the shock. The relative flow in this region is nearly tangential, indicating that the axial velocity is near zero in this region. The fluid in this region is moving toward the pressure surface, contributing to a high incidence angle at the nose of the blade. It seems plausible that any further increase in rotor backpressure will lead to a stall of the blade section at 95% span.
In summary, the experimental results shown in Figure 5 suggest that flow blockage caused by the shock/vortex interaction results in axial velocities which are nearly zero in the interaction region. This in turn generates high relative flow angles near the nose of the blade. These results suggest that an alleviation of the blockage generated by the shock / vortex interaction by using casing ueaunent or alternate blade tip designs could result in an increase in stable operating range by reducing the incidence angle at the blade tip.
Radial Extent of the Clearance Flow.
Thus far we have examined tic flow along a blade-to-bladeslxeamsurface. We will now considerthe radial extent of the shock/vortexinteractionby presenting measured Mach numberdistributionson cross-channel (R-0) planes at the axial stationsshown in Figure 3 . The first axial location tO be discussed is 20% chord, which corresponds to the approximate location of the shock/vortexinteraction. The second axial plane is located just downstzeam of the blade at 108% rotor chord, where the impact of the clearance vortex on the rotor wake structureis evident. The final axial location to be presentedis located at 138% rotor chord and coincides with the locationof the statorleadingedge plane if the statorwas installed.
Comparisonof the resultsobtainedat 108% and 138% chordwill be used to illustrate the mixing of the clearanceflow downstream of the rotor.
The cross-channelMach number distributions at 20% chord am presented in Figure 6a . The rotor wakes begin to widen at about 85% and 80% of span for the peak efficiency and near stall conditions, respectively. However, it is not clear that the increased wake width near the shroud is due soiey to the continued mixing of the clearance vortex. The radial-outward migration of fluid within the blade wakes also contributes to wake widening near the shroud.
The results in Figure 6b and 6c 
Part Speed Computational Results
To investigate the tip leakage flow in the absence of the passage shock the compressor was operated at 60% of design speed at the same flow coefficient 
Part Speed Experimental Results
Laser anemometer measurements were acquired along the 95% span streamsurface for the 60% design speed case at near peak efficiency.
The experimental results are presented in terms of relative Mach number in Figure 9 . The Mach number contours and color bar are identical to those used for the computational results presented in Figure 8a . The white areas in Figure 9 The leakage vortex emanating from the leading edge of the blade will be referred to as Vortex 'A" and that formed in the rear half of the blade near the suction surface will be referred to as Vortex 'B'. Tip leakage Vortex 'A" is shown in Figure  10a at the 30% chord location.
The leakage vortex is located near midpitch and exhibits a radial penetration of about 5% of span and a circumferential extent of about 50% of blade pitch. Note that even though the tip clearance at part speed is double that of design speed, the radial extent of the leakage flow is about half of that at design speed at this axial location. This difference in radial extent is due to the enlargement of the tip leakage vortex when it encounters the shock at design speed.
As shown in the blade-to-blade Mach number distribution in Figure 9 , Vortex "A' moves across the passage and impacts on the pressure surface before reaching the blade trailing edge.
Therefore, in the Mach number distribution measured at 108% chord, Figure 10b is comparable to that of the blade wake. Therefore, the vortex that forms from suction surface boundary layer fluid and emanates from the rear half of the blade diffuses very slowly downstream of the blade. In the present compressor Vortex 'B' would reach the stator leading edge, located at 138% chord, intact. The impact of the blade wake and Vortex 'B' on the stator performance is a topic of future research. However, one point that has emerged is that at design speed, where the vortex and wake fluid have intermixed, the stator will be exposed to an unsteady flowfield generated at the rotor blade passing frequency, whereas at part speed the stator will be exposed to an unsteady flowfield generated by the rotor blade wakes plus Vortex 'B' in the endwall region.
In summary, at 60% speed operating conditions the leakage flow over the front portion of the rotor rolls into a vortex which moves across the blade passage, impacts on the pressure surface before reaching the trailing edge, and merges with the rotor wake downstream of the blade. A second vortex is formed by fluid which migrates radially outward along the suction surface and rolls up into a vortex when it encounters the tip leakage flow in the rear half of the blade. The second vortex exits the blade passage near midpitch and persists for more than one rotor chord downstream.
At stations far downstream of the rotor this vortex exhibits a Mach number deficit comparable to that of the wake. 
CONCLUSIONS
